In this paper, low temperature plasma is used to modify the surface of barium titanate (BaTiO 3 ) nanoparticles in order to enhance the interfacial compatibility between ferroelectric poly (vinylidene fluoride) (PVDF) and BaTiO 3 nanoparticles. The results demonstrate that oxygenic groups are successfully attached to the BaTiO 3 surface, and the quantity of the functional groups increases with the treatment voltage. Furthermore, the effect of modified BaTiO 3 nanoparticles on the morphology and crystal structure of the PVDF/BaTiO 3 membrane is investigated. The results reveal that the dispersion of BaTiO 3 nanoparticles in the PVDF matrix was greatly improved due to the modification of the BaTiO 3 nanoparticles by air plasma. It is worth noting that the formation of a β-phase in a PVDF/modified BaTiO 3 membrane is observably promoted, which results from the strong interaction between PVDF chains and oxygenic groups fixed on the BaTiO 3 surface and the better dispersion of BaTiO 3 nanoparticles in the PVDF matrix. Besides, the PVDF/modified BaTiO 3 membrane at the treatment voltage of 24 kV exhibits a lower water contact angle (≈68.4°) compared with the unmodified one (≈86.7°). Meanwhile, the dielectric constant of PVDF/BaTiO 3 nanocomposites increases with the increase of working voltage.
Introduction
Poly(vinylidene fluoride) (PVDF)-based nanocomposites have attracted considerable interest and become one of the most extensively studied polymer materials because it fascinatingly combines the ferroelectric and high dielectric properties of nanofillers with the high piezoelectricity, low dielectric loss, and high breakdown strength of PVDF [1, 2] . Owing to its unique virtues, PVDF-based nanocomposites have been widely used in a variety of piezoelectric and dielectric devices, such as piezoelectric nanogenerators [3, 4] , sensors [5] , nonvolatile ferroelectric polymer memories [6] , and energy harvesters [7, 8] .
PVDF is a type of polymorphism polymer, which includes more than four crystalline forms, namely, α and δ phases (TGTG′), β phase (TTT), and γ phase (T3GT3G) [9, 10] . Among those polymorphs, the performance of PVDF is mainly adjusted by the electroactive β-phase conformation [11] . However, the β-phase with the all-trans (TTTT) configuration can hardly be generated under a normal condition like the static crystallization. Therefore, a lot of techniques have been adopted to increase the content of the β-phase in PVDF, among which, one of the most effective strategies is to incorporate nanofillers as the nucleating agent for the β-phase in PVDF, such as metal oxides [12] [13] [14] , carbon nanotubes [7] , hydrated salts [12, 13, 15] , and their mixtures [16] . Ceramics like barium titanate (BaTiO 3 ) [16] [17] [18] and bismuth titanate (Bi 4 Ti 3 O 12 ) [19] as effective β-nucleating agents have especially attracted increasing attention, owing to their significantly higher dielectric constants (each ε′≈1×10
3 ) than the other nanofillers [20] .
In order to achieve β-phase enhancement in PVDF/ ceramics nanocomposites, two core issues need to be considered: uniform dispersion of ceramics nanoparticles in the PVDF matrix and strong interfacial bonding between the ceramics and the PVDF [18, 21] . In recent years, much effort has been made to obtain nanocomposites with nanoparticles' homogeneous dispersion, including surface modification by organic molecules such as rialkoxysilane [22] , hydrogen peroxide [23] , and hyperbranched aromatic polyamide [24] , and the use of hybrid nanofillers such as siliver [17] , nickel [25] , and carbon material [26] , and surface-initiated in situ polymerization [27, 28] . However, these methods involved the usage of abundant solvents, which are unhealthy and environmentally unfriendly [29] . Therefore, the modification method of fillers that are more efficient, environmentally friendly, and easily controlled are highly desired for constructing high-performance PVDF/ceramics nanocomposites.
Plasma treatment is very efficient in fixing a variety of chemical groups on the surface of nanofillers [30] , without changing their intrinsic features [31] . This treatment could be realized when gas, such as air, H 2 O, oxygen, argon, and ammonia [32] , is exposed to an electromagnetic field of radio frequencies at low temperature and low voltage [33] . Air plasma as one of the most common plasmas is usually used for the modification of polymers or nanofillers' surface, including polymethyl methacrylate (PMMA) [34] , polyethylene terephthalate (PET) [35] , carbon nanotubes (CNTs) [30] , etc. Air plasma could lead to surface cross-linking and chain scission, or the generation of oxidized functionalities (−CO x , −COOH, and −OH) on the surface [36, 37] .
Herein, an effective and environmentally friendly plasma treatment has been adopted to functionalize the surface of BaTiO 3 nanofillers, in order to enhance their interaction with a PVDF matrix. Functional C−O and C=O groups were successfully attached onto the surface of BaTiO 3 nanoparticles through air plasma motivated by dielectric barrier discharge (DBD) with varied working voltage. The effect of plasma-treated BaTiO 3 on the crystal structure, phase morphology, and hydrophilic property of the nanocomposites were systematically investigated. It was found that the functional C−O and C=O groups attached on the surface of BaTiO 3 effectively interacted with the dipole of the PVDF, which offered stronger forces to generate the formation of the electroactive β-phase, whereas the α-phase formation was disrupted. The enhanced interaction between BaTiO 3 and PVDF highly enhanced the dispersion of the nanofillers and the hydrophilic property of the nanocomposites.
Experimental setup

Materials and PVDF/BaTiO 3 membrane preparation
The PVDF powder was obtained from Tianjin Kemiou Chemical Reagent Co., Ltd, China, the N,N-dimethylformamide (DMF) was obtained from Tianjin Kemiou Chemical Reagent Co., Ltd, China, and the barium titanate (BaTiO 3 ) nanoparticles were obtained from Shanghai Macklin Chemical Reagent Co., Ltd, China.
The BaTiO 3 nanoparticles with a 400 nm diameter were dried in a vacuum oven for 6 h at 60°C before the plasma treatment. The plasma was excited by a nanosecond-pulse generator (MPC-30, Institute of Electrical Engineering, Chinese Academy of Sciences, China) with a rise time of 100 ns, full width at maximum of 200 ns, and an average power of 1 kW. The fast rise time and short duration achieved uniform treatment at atmospheric pressure [38] [39] [40] [41] [42] [43] . Plasma treatment was conducted in the air under atmospheric pressure and was induced by the DBD. The DBD was created between two circular plane-parallel aluminum electrodes with diameters of 7 cm, and both electrodes were covered by glass planes with dimensions of 100 mm×100 mm×2 mm. The samples were uniformly dispersed on glass planes below. The plasma process was implemented with a fixing treatment time of 3 min and a pulse repetition frequency at 1000 Hz, and a series of voltage at 20, 22, and 24 kV. A schematic diagram of the experimental setup is shown in figure 1(a) .
The PVDF/BaTiO 3 membrane was prepared by a casting method. Briefly, the PVDF was dissolved in DMF at 50°C under stirring, and the unmodified or modified BaTiO 3 nanoparticles were dispersed in DMF under sonication until uniform suspension was obtained. The PVDF solution was then proportionately mixed with the BaTiO 3 suspension in an ultrasonic bath under high-speed stirring until homogeneous dispersion was achieved. Thereafter, the samples were cast onto glass basal plates and dried at room temperature for 3 days and in a vacuum oven at 50°C for 4 h to evaporate the DMF completely. A schematic representation of the preparation of the PVDF/BaTiO 3 membrane is shown in figure 1(b) . The average thickness of the membranes was 20 μm.
Instrumental analysis
An FTIR instrument was used to produce the IR spectra (Bruker, model IFS 48) in the wave range of 400-1000 cm
to identify the crystal phase of the samples.
The static water contact angle measurement was performed using a drop shape analyzer (Krüss TC40-Mk1, Germany). The contact angle was calculated by averaging more than five readings of the sample.
The crystal structure was characterized by x-ray diffraction using a Philips PW1820 x-ray diffractometer and a rotating anode (CuKα radiation, λ=0.514 nm) under a voltage of 40 kV and a current of 100 mA.
The XPS spectra were recorded by an x-ray spectrometer (Thermo VG, USA), (AlK radiation, 15 kV, 150 W) with 50 eV pass energies and a 500 μm spot size for the modification of the BaTiO 3 . All XPS-peaks were referred to as the C 1s signal at a binding energy of approximately 285 eV, and the curve fitting of the C 1s peak was done using XPSPEAK 4.1 software.
The micro-morphology of the samples was observed by scanning electron microscope (SEM, TM3030, Tianmei Scientific Instrument Co., Ltd, China) at an acceleration voltage of 20.0 kV.
A frequency response analyzer (Agilent 4294A) was employed to measure the dielectric properties of the nanocomposites.
Results and discussion
Characterization of the functionalized BaTiO 3
XPS measurement was useful to identify the elemental composition of the freshly prepared layers. The XPS spectra of the unmodified and plasma-treated BaTiO 3 nanoparticles with varying working voltages are shown in figure 2. The curve fitting and data analysis were processed by a Gaussian-Lorentzian function using XPSPEAK software and Shirley non-linear background subtraction [18] . Elements C (1s, 284.8-288.7 eV) and O (1s, 528.4-533 eV) (figure 2(a)) were the main components of an unmodified BaTiO 3 particle. Changes in the signals after the surface modification could be seen compared with those of the unmodified BaTiO 3 (table 1). The C 1s spectrum from the untreated and treated samples is decomposed into three components: one at 285 eV due to the C −C group, one at 286 eV due to the C−O group, and 288.7 eV due to the C=O group. Furthermore, the O 1s spectrum is decomposed into four components: two intense peaks at 528.4 and 529 eV, corresponds to the band of Ba-O and Ti-O bonds, respectively, and the peaks at 531.5 and 533 eV belong to the C=O or C−O group on the surface of the BaTiO 3 nanoparticles, respectively.
The calculated concentration of each chemical component is also summarized in table 1. The fraction of C=O * or was enhanced accompanied by the increase in the treatment voltage, which was found to increase from 30.9% on the unmodified surface to 64.6% on the modified one at 24 kV (table 1) . Correspondingly, the fractions of both Ba-O * and Ti-O * were inversely proportional to the treatment voltage, which was decreased from 16.9% and 52.5% on the unmodified surface to 5.1% and 30.3% on the modified one at 24 kV, respectively. Furthermore, the C-to-O mol ratio was visibly improved after the plasma treatment, which was also found to increase along with the increase of the treatment voltage. The O/C atomic ratio increased from 1.57 for the untreated sample to 2.05 for the treated sample at 22 kV, and to 3.53 for the treated sample at 24 kV. Carbon enrichment could be seen on the modified surface, illustrating the successful introduction of the C and O functional groups on the BaTiO 3 surface. nanoparticles with the PVDF matrix ( figure 3(a) ) was also detected in the unmodified composites, which could be attributed to the poor interaction between the PVDF chains and BaTiO 3 particles. In contrast, most of the modified BaTiO 3 nanoparticles were well dispersed in the PVDF matrix. The vague and smooth interface between the nanoparticles and the PVDF matrix in the modified composites indicated the good compatibilization, for which the functionalized BaTiO 3 contributed to the dramatic improvement in the interface adhesion ( figure 3(b) ). FTIR spectra of PVDF/functionalized BaTiO 3 membranes at different treatment voltages are shown in figure 4 . The characteristic bands at 840 and 890 corresponded to a β form while those at 600 and 760 partly represented the α form. The amount of α and β forms could be judged according to the areas of these characteristic bands. The absorption coefficient of the whole system at each stage was in accordance with the following absorption coefficients:
4 and K β =7.7×10 4 cm 2 /mole. The relative fraction of the β phase in the F(β) system could be obtained using equation (1) [10] :
where the absorptions of 760 cm −1 and 840 cm −1 were chosen to represent the α and β phases, respectively. The relative content of the α and β phases in the PVDF calculated based on equation (1) are displayed in table 2. The F β in the unfunctionalized membrane was enhanced from 50%-59% at a low treatment voltage of 20 kV. As a consequence, F β increased with the increase of the treatment voltage and approached 80% at the highest treatment voltage of 24 kV. The electroactive phases of PVDF are known to form crystalline lamellar structures in a few orders of nanometers, which were embedded within the amorphous region [44] . Thus, the probable interaction of C=O * or C−O * on the modified surface of BaTiO 3 with −CH 2 −/−CF 2 − dipoles of PVDF contributed to the formation of the electroactive phase. During the membrane preparation, as shown in figure 1 , polarized BaTiO 3 induced the self-polarization of the PVDF matrix, resulting in the nucleation of the electroactive β-phase in the PVDF/functionalized BaTiO 3 membrane.
Evidence of the effective induction of the electroactive β phase in the modified composites is further provided by the XRD profiles (figure 5). The PVDF was normally crystallized in α, β, and γ forms at room temperature. The peaks occurred at 18.4°, 19.9°, and 26.5°corresponding to the α(100), α(110), and α(021), respectively. The peak at 2θ=18.4°could be obviously observed in the unmodified PVDF/BaTiO 3 membrane, but disappeared in the modified membrane. The peak intensity at 20.6°was remarkably stronger in the modified PVDF/BaTiO 3 membrane than that in the unmodified one, which was assigned to the summation of β(110) and β(200). This implies that the β-phase induction effect of the BaTiO 3 nanoparticles was greatly improved by the plasma modification. This result was consistent with the reports on surface-modified nickel −PVDF composite by Mandal et al [45] and the PVDF/CNT system prepared by solution sonication by Yu et al [46] . Melting curves of the PVDF/BaTiO 3 membranes at different processing voltages are displayed in figure 6 . The melting parameters are shown in table 3. It could be observed that the melting point (T m ) of the modified membranes was slightly improved after the treatment and was increased with the increase of the treatment voltage.
The crystallinity (X c ) of the PVDF in the composite membranes could be calculated using equation (2):
where x is the content of PVDF in the membrane; ΔH represents the melting enthalpy for the PVDF in the composite membranes, and ΔH 100% (103.4 J g −1 ) is the melting enthalpy for PVDF with 100% crystallization. It was assumed that there was no difference in the heat of fusion in all. The X c value of the modified membrane (9.7%) was lower than that of the unfunctionalized one (19.4%) at the treatment voltage of 20 kV. However, the X c value of the modified membrane increased with the increase of the treatment voltage, which reached 24.3% and 30.3%, respectively at the treatment voltages of 22 kV and 24 kV.
The surface wettability could be determined by the water contact angle. The results of the water contact angle for both the unmodified and modified PVDF/BaTiO 3 membranes at the treatment voltages of 20, 22, and 24 kV are displayed in figure 7 . The water contact angle of the untreated membrane was 86.7°, indicative of a hydrophobic surface, whereas it was barely changed for the treated PVDF/BaTiO 3 membrane at 20 kV. However, the water contact angle of the treated membrane at 22 kV was significantly decreased to 79.1°, and further decreased to 68.4°at 24 kV. These results suggest that air plasma treatment could improve the hydrophilia of the modified membrane. The existence of oxygen functional groups on the surface of the modified BaTiO 3 nanoparticles (table 1) played an important role in making the hydrophobic PVDF composite become hydrophilic.
The frequency dependencies of the dielectric constant (ε′) as well as the dielectric loss (ε″) of the PVDF/BaTiO 3 nanocomposites under a variety of working voltages at room temperature are shown in figure 8 . An enhancement in dielectric constant was observed after the plasma-treated BaTiO 3 nanoparticles were introduced into the PVDF matrix. And the dielectric constant of the PVDF/plasma-treated BaTiO 3 nanocomposites increases with the increase of working voltage over the whole frequency range ( figure 8(a) ), which is due to the much better interfacial interactions between the PVDF matrix and plasma-treated BaTiO 3 in comparison with the pristine BaTiO 3 . Additionally, the dielectric loss of the PVDF/plasma-treated BaTiO 3 nanocomposite still stays at a low level over a wide range of frequencies, even lower than that of PVDF/BaTiO 3 nanocomposites especially at high frequency ( figure 8(b) ). This mainly resulted from the decreasing α-phase content of the nanocomposite with the plasma-treated BaTiO 3 filler (table 2) [47, 48] .
Conclusion
In summary, plasma-modified BaTiO 3 nanoparticles have been incorporated into a PVDF matrix. A markedly improved fraction of C=O * or C−O * could be observed on the surface of the modified BaTiO 3 . The content of the β phase crystal was obviously enhanced in the PVDF/modified BaTiO 3 membrane, which increases with the increase of the treatment voltage. Modified BaTiO 3 can act as nucleating agents owing to a strong dipole interaction between BaTiO 3 nanoparticles and PVDF chains. Moreover, better dispersion of the modified BaTiO 3 in the PVDF matrix improved the induction effect of BaTiO 3 on the β crystal. Both effects resulted in the promotion of the β phase of the PVDF. The PVDF composite changed from hydrophobic to hydrophilic, due to the existence of oxygen functional groups on the surface of the modified BaTiO 3 nanoparticles. The PVDF/plasma-treated BaTiO 3 nanoparticles exhibited a higher dielectric constant and lower dielectric loss compared with the PVDF/BaTiO 3 nanoparticles. Figure 8 . Dependences of (a) dielectric constants and (b) dielectric losses of PVDF/BaTiO 3 nanocomposites with a variety working voltages at room temperature.
